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(1) Foreword

This project funded two principal investigators to explore materials for optical limiting. Dr.
Charles Spangler's research group synthesized organic and dendritic materials designed to
optically limit via reverse saturable absorption (RSA) via photoinduced formation of charged
states. Dr. Lee Spangler's research group investigated the spectroscopy, mechanism, and
efficiency of photo-induced states in these, and related compounds. Thus, the technical part of
the report will be divided into two sections, synthesis, and characterization.
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(4) Statement of the problem studied

Rapid advances in laser technology have resulted in new and improved performance laser
systems that are compact, efficient and operate at a variety of wavelengths. Such progress has
resulted in at least one portable laser weapon system marketed by Norinco of China [1] capable
of inflicting severe eye damage at a range of 2-6 miles. The use of lasers has also become
widespread in a variety of applications including remote sensing, ranging, and guidance systems.
This increased presence of lasers in “friendly” applications and enemy weapons presents
significant hazards to the eyesight of ground based military personnel, optical sensors, and
military and commercial aircraft pilots. As a result, there is a need for methods to protect both
human eyes and optical sensors from intense laser radiation. Potentially, there are a large
number of wavelengths that could be generated in laser weapons and the protection scheme must
also have a wide range of response times; from sub-nanosecond to block lasers with short pulse
emission, to tens of microseconds to block quasi-cw sources. This combination of requirements
places severe restrictions on materials, making it extremely difficult for a single material to
satisfy all requirements.




This program developed a new class of optical limiting materials and employed new
spectroscopic methods capable of studying the mechanisms by which these materials operate.
Central to this project is the ability to systematically vary parameters and study the effect of
those parameters on dynamics of the transient species responsible for the optical limiting
behavior. As a result of this approach we have both identified promising materials and deepened
understanding of the photophysics involved and required to get good limiting performance.

These new materials which were investigated are organic and dendritic materials[2, 3] capable of
forming highly absorbing polarons [4-8] which can function as the transient state for reverse
saturable aborption (RSA).

In order to achieve good optical limiting via *

RSA the transient species must have certain -

properties: 1) It must have a higher absorption | #
027 k23

cross section than the linear, ground state K
absorption. 2) There must be overlap between l
the absorption of the ground state and the
transient species. 3) The transient species must

form in a time that is short relative to the pulse E_ 1 *
duration of the laser threat. 4) It must form N

Onp

efficiently (with a high branching ratio) from the
initially pumped state. And 5) it must relax Kk
slowly enough that there isn’t significant loss of G1y | 12 I

population via relaxation during the laser pulse. l Kenr
Given the large number of parameters that can

I
strongly effect limiting performance, it is clearly ! !
advantageous to be able to measure these
parameters as opposed to simply doing performance characterization. If the metastable state
properties mentioned above can be measured, it may be possible to establish structure-property
relationships and begin to rationally engineer improvements in optical limiters. This project
implemented methods which yield high information content in a relatively short time providing
the following information: 1) Relative absorption strengths of the ground state and all photo-

induced absorptions. 2) Photo-induced absorption wavelengths over a broad spectral range. 3)
Formation rates of the metastable species. 4) Relaxation rates for all species.




(5) Summary of the most important results

Synthesis of new RSA materials based on photogeneration of highly absorbing charge
states

During the past 10-15 years, the C. Spangler research group has synthesized a large number
of diphenyl and dithienyl polyenes that have been examined from the perspective of establishing
structure-property relationships for a variety of photonic properties, including, for example, their
third order nonlinear hyperpolarizabilities and most recently, the magnitude of their intrinsic and
effective two-photon cross-sections. [6,9,10] Besides the obvious approach of simply extending
the conjugation length, one of the more effective ways of enhancing the third order nonlinearity
is by chemical oxidation (doping) which introduces highly delocalized polaronic radical-cations
or bipolaronic dications into the conjugation sequence.[8] The formation of these charge states is
normally accompanied by the complete bleaching of the original n—* transition and the
appearance of a new band that is red-shifted from the neutral absorption band. In the large
majority of examples, this new polaronic or bipolaronic band is much more highly absorbing
than the original neutral species. In addition, these charge states can be dramatically stabilized by
inclusion of mesomerically interactive electron-donating substituents on the aromatic ring
termini, as illustrated below for 1,2-bis(diphenylamino)-E-stilbene:
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Recently we have reported on the synthesis of a series of bis-(diphenylamino)diphenyl-
polyenes[11], which have rather unique properties. The substitution of phenyl rings for alkyl
groups on the amino functionality greatly enhances the solubility. The phenyl substituents also
increase both the thermal and photochemical stability. We have synthesized this series up to the
decaene level, and the polyenes are still soluble and processible in common organic solvents, in
marked contrast to the bis-(dimethylamino)diphenylpolyene series. We have been able to
functionalize these new materials for attachment as pendant groups to PMMA[12], or
difunctionalize them for copolymer formation[13]. However, such functionalization is not trivial,
and we have recently replaced one of the diphenylamino substituents with a N-(hydroxyethyl),N-




ethylaminophenyl substituents with no loss of thermal or photochemical stability, but with the
derivatizing functionality already established in.the chromophore. These chromophores can be
readily attached to PMMA as pendant groups or difunctionalized for copolymer
incorporation{11]. Upon chemical oxidation, both polyene series form exceptionally stable,
highly absorbing bipolarons in solution. Previous to our study of these polyene families, stable
bipolarons could not be formed in dipheny! or dithienyl polyenes containing less than 4
conjugated double bonds. However, with diphenylamino or N-(hydroxyethyl),N-
ethylaminophenyl substituents, even the bis-substituted stilbenes form stable bipolaronic
dications. The synthetic route to the N-ethyl,N-hydroxyethy! stilbene is illustrated in Figure 1.
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Figure 1. Synthesis of N-(hydroxyethyl),N-ethylaminostilbene.

We have previously described how bis-(diphenylamino)diphenylpolyene units can be
attached to a PMMA backbone by reaction of the functionalized chromophore with
poly(methacryloyl chloride) followed by quenching in excess methanol[11]. We have used this
technique as a means of comparing very different chromophores to one another, as the post-
polymerization attachment dictates that the polymer MW and polydispersity are approximately
the same for each and every case. We have previously standardized on a 10% incorporation for a
variety of studies and to maintain solubility and processibility. For example, in optical power
limiting studies, a high degree of linear transmission through the solution or film is required
(>60%). The 10% incorporation level provides such optical transparency. The pendant polymers
prepared from commercially available poly(methacryloyl chloride) are not ideal, since this
approach limits the MW/polydispersity to that of the commercial sample. In addition, increasing
the percentage loading of the chromophores also reduces the solubility, and several attempts to
achieve a maximum chromophore loading seems to limit at 30-40% in terms of processibility.
Therefore, we decided during the course of this grant program to adapt synthetic methodology
developed by Frechet, et al. [14, 15] to incorporate our chromophores into dendrons based on
3,5-dihydroxybenzyl alcohol. These intermediary dendrons can, in turn, be converted into model




G-0 dendrimers by coupling to core molecules such as bis-phenol A. The dendron and dendrimer
formation is illustrated in Figures 2 and 3. -

Figure 2. Attachment of OPL Chromophores to form Dendrons
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Figure 3. Formation of G-0 dendrimers.

An alternative approach to the surface-functionalized dendrimers illustrated above is to design
dendrimers based on photonic active building blocks. Following the rationale described above
for the surface-functionalized dendrimers, we have recently described the preparation of model
3-arm and 4-arm dendrimers based on 1,2-bis-(diphenylamino)stilbene building blocks[16].
These model dendrimers are ilustrated below. One possible advantage of using dendrimers
having this type of structure is that a photon may be absorbed by encountering any part of the
dendrimer. It can be further stabilized by electron delocalization over the whole dendrimer
volume. Charge state formation could also be further stabilized by incorporating electron
donating substituents on the terminal phenyl rings of either the 3-arm or 4-arm structure. Both
dendrimers exhibit extremely large two-photon absorption for nanosecond pulses at 810 nm ( as
high as 65,000 GM units), among the largest yet measured for mondisperse macromolecules.
These large effective cross-sections have been rationalized on the basis of large contributions
from excited state absorption following the initial two-photon absorption event (on the
nanosecond timescale). Thus these dendrimers may be ideal candidates for reverse saturable
absorption optical power limiting if the same, or similar, excited state manifold can be accessed
by an electron-transfer processs. One particularly interesting question is whether the surface-




functionalized dendrimers or the dendrimers based on photonic building blocks are more
effective as RSA optical limiters. -

0.0

Figure 4. Some dendrimer structures.

In the Characterization section of this report, we will attempt to address the questions raised
by the rationale design of these potential optical power limiting materials.

Characterization.

A RSA process involving photo-induced electron transfer (PIET) as the initial absorption
step, followed by additional absorption due to one of the newly created charged species, was the
targeted mechanism to achieve overall non-linear absorption. The compounds investigated under
this grant were predominantly electron donors and Ceo was used as a photo-induced electron
acceptor to determine the PIET behavior of the new donor compounds. Ceo was chosen for
several reasons; it can be pumped at 532 nm (doubled Nd:YAG) and 514 (Ar' laser), it has a
long-lived triplet state from which the electron transfer occurs making dilute solution studies
practical, and its triplet and charge state behavior is well characterized. Two main methods were
used to obtain photo-induced absorption (PIA) spectra of the compounds in donor-acceptor
solutions and thin films. The first method was to simply aquire a spectrum with the laser off,
then with the laser on using our Fourier transform spectrometer and determine the change in OD.
The second method utilizes the step scan mode of our instrument to generate fully time and
wavelength resolved transient absorption spectra so the kinetics of the PIET process could be
followed [17]. Figure 5 shows the compounds studied. Data are provided in tabular format.




Oligimers -
Knl Kn2 Kn3

Dendrons

Figure 5. Donor compounds studied for photo-induced electron transfer with C, for RSA
applications.
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Figure 6. PIA of the Kn1, Kn2 and Kn3 Oligimers with Ceo. The spectra were taken using the
difference method and were pumped at 514nm.

Table 1. Compounds and Concentrations Studied

Compound Concentration Compound Concentration
KN1 oligimer/Ce 0.5mM/0.5mM KN2 dendrimer/Cgq 0.5mM/0.5mM
KN1 dendron/Cgg 0.5mM/0.5mM KN3 oligimer/Ceo 0.5mM/0.5mM
KN1 dendrimer/Ce¢o | 0.5mM/0.5mM KN3 dendron/Cgg 0.5mM/0.5mM
KN2 oligimer/Cqgp 0.5mM/0.5mM KN3 dendrimer/Cg 0.5mM/0.5mM
KN2 dendron/Cgg 0.5mM/0.5mM 4arm dendrimer/Cgp | 0-1mM/0.1mM,
0.25mM/0.25 mM,
0.5mM/0.5mM,
1.0mM/0. 5SmM
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Table 2. Absorption of Tested Species at 532nm. All concentration are 0.5mM each unless
otherwise noted. Absorbance is given in absorbance units (A.U.)

Species Absorption ‘| Species Absorption
@ 532nm @ 532nm
Knl oligimer/C60 | 0.4817 Kn3 oligimer/C60 0.9875
Knl dendron/C60 0.4353 Kn3 dendron/C60 0.8023
Knl dendrimer/C60 | 0.4709 Kn3 dendrimer/C60 | 0.6940
Kn2 oligimer/C60 | 0.4661 4arm dendrimer/C60 | 0.1599
0.1mM each
Kn2 dendron/C60 | 0.4497 4arm dendrimer/C60 | 0.2721
0.25mM each
Kn2 dendrimer/C60 | 0.5113 4arm dendrimer/C60 | 0.5192
0.5mM each
4arm dendrimer/C60 | 0.8466
1mM/0.5mM

Table 3. Molar Extinction Coefficients of the Polarons of the Molecules Studied.

Compound Molar extinction coefficient (M” cm™)
Knl oligimer 68000
Knl dendron 89000
Knl dendrimer 90000
Kn2 oligimer 37000
Kn2 dendron 32000
Kn2 dendrimer 33000
Kn3 oligimer 104000
Kn3 dendron 115000
Kn3 dendrimer 136000
4 arm dendrimer (visible cation) 67000
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PIET follows a mechanism as shown inFigure 7. Rates, and quantum efficiencies were
determined from the transient absorption experiments and are reported below.

A+D
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Figure 7. Modified Mechanism for the Photo-Induced Electron Transfer. A is the acceptor, Ceo,
A* is ? Ceo, D is the donor molecule (see Fig 1) kg is the “natural” relaxation of the triplet, ket is
the rate constant for electron transfer kgt is the rate constant for energy transfer, kp is the rate
constant for the decay of the excited donor, kgg is the rate constant for geminate recombination,
ks, is the rate constant for solvation and k gt is the rate of back electron transfer via solvated ion
recombination. A-|D+ is a geminate ion pair

Table 4. Average Recombination Rate Constant, k g, for the Molecules Studied with Ceo.

Compound Average Recombination rate | Percent Standard
constant %g—rg (L/mol s) Deviation

Knl oligimer 2.5%x10 18%

Knl dendron 22x10" 10%

Knl dendrimer 1.9x 10" 23%

Kn2 oligimer 7.8x10° 11%

Kn2 dendron 5.6x10° 14%

Kn2 dendrimer 4.1 x 10° (early) 3.5 x 10° 5% (early) 19% (late)
(late)

Kn3 oligimer 1.6 x 10" 18%

Kn3 dendron 1.7x 107 (early) 7.8 x 10° | 5% (early) 30% (late)
(late)

Kn3 dendrimer 1.4 x 10" (early) 3.8 x 10’ 10% (early) 5% (late)
(late)

4 arm dendrimer 0.1mM each | 2 x 10° 10%

4 arm dendrimer 0.25 mM each |3 x 10" 21%

4 arm dendrimer 0.5mM each | 2x 10" 8%

4 arm dendrimer 1mM/0.5mM |2 x 10" 13%
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Table 5. Average Forward Electron Transfer Rate Constants for Molecules Studied with Cg,.

*This rate constant requires more analysis. .

Compound Average Forward electron Percent
transfer rate constant (ket) Standard
(L/mol sec) Deviation

Knl oligimer 2.1x10° 4%

Knl dendron 3.4x10° 7%

Knl dendrimer 3.9x10° 6%

Kn2 oligimer 1.7x10° 1%

Kn2 dendron 4.0x10° 2%

Kn2 dendrimer 15.0x10° 2%

Kn3 oligimer 7.8x10° 10%

Kn3 dendron 1.0x10° 19%

Kn3 denrimer 12x10° 10%

4 arm dendrimer 0.lmM each | 2.0x 10° *

4 arm dendrimer 0.25 mM each | * *

4 arm dendrimer 0.5 mM each | 1.9x 10° 1%

4 arm dendrimer 1/0.5 mM 3.0x 10° 4%

Table 6. Concentrations and Quantum Yields Calculated using [D"Jmax and [A*]max Values.

Knl dendron 19x10°M  |2.5%

Knl dendrimer 1.1x10°M [1% 5%
Kn2 oligimer 44x10°M | 6% 7%
Kn2 dendron 82x10°M |11% 5%
Kn2 dendrimer 90x10°M [12% 2%
Kn3 oligimer 8.8x107"M |1% 10%
Kn3 dendron 55x107"M | 1% 17%
Kn3 dendrimer 38x107"M | 0.5% 2%
4 arm dendrimer 0.5mM | 6.8x10°M | 10% 4%
4 arm dendrimer 1/0.5mM | 1.3x10°M | 15% 4%
Ceo Triplet 75x10° M
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One particularly interesting result is the effect of multiple chomophores in a dendritic
structure on charge recombination (back electron transfer) after solveated ions are formed. This
kinetics typically follows second order kinetics as shown by a plot of 1/concentration vs. time as
shown in Figure 8 (OD is proportional to concentration).

200 . . . . T . .
Y=Ax+B
[ A=5.23360
B=0.31055
150 - R=0.99848
SD= 2.40213

Time (usec)
Figure 8. Example of Linear Fit to Reciprocal Optical Density Data.

For the 4-chromophore dendrimers, particularly with long conjugation length chromophores, the
recombination deviated dramatically from this linear behavior. We speculate the hopping or
delocalization of the positive charge in the cation state may enhance charge stability and slow
recombination.

40

10 Kn3 dendrimer
----- Linear fit for comparison only
0 s 1 " 1 N L . 1 N 1
0 100 200 300 400 500

Time (psec)

Figure 9. Kn3 Dendrimer Decay Curve with Linear Fit for comparison.
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Table 7. Example Rate Constants for the Mechanism in Scheme 3. kq includes ker followed by
kor and kgq followed by kg. Literature values are for different donor acceptor systems in various

solvents.

Rate Constant Value from thesis Value from literatrure

ko 2.1 x 10° L/mol sec 64x10°-1.2x10"sec” "’
5.7 x 10° L/mol sec in ODCB

Kor ~1x10%-~1x10" sec” *

kr 9.6 x 10°sec”

Ker 1.5x 10° L/molsec | 0.9x 10" >10%sec™ *°

1.5 x 107 —4.3 x 10° sec”(calculated) %
5x10°—1x10° sec? 2

7.5 x 10° - 2.6 x 10" L/mol sec
(experimental and calculated) "’

4 x 10" L/mol sec in ODCB ®
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